Within the SulfoSYS (Sulfolobus Systems Biology) project, the effect of temperature on a metabolic network is investigated at the systems level. Sulfolobus solfataricus utilizes an unusual branched ED (EntnerDoudoroff) pathway for sugar degradation that is promiscuous for glucose and galactose. In the course of metabolic pathway reconstruction, a glucose dehydrogenase isoenzyme (GDH-2, SSO3204) was identified. GDH-2 exhibits high similarity to the previously characterized GDH-1 (SSO3003, 61 % amino acid identity), but possesses different enzymatic properties, particularly regarding substrate specificity and catalytic efficiency. In contrast with GDH-1, which exhibits broad substrate specificity for C 5 and C 6 sugars, GDH-2 is absolutely specific for glucose. The comparison of kinetic parameters suggests that GDH-2 might represent the major player in glucose catabolism via the branched ED pathway, whereas GDH-1 might have a dominant role in galactose degradation via the same pathway as well as in different sugar-degradation pathways.
Introduction
The thermoacidophilic archaeon Sulfolobus solfataricus (strain P2, DSM 1617) was originally isolated from a solfataric field in Pisciarelli (Italy). The organism optimally grows at 80
• C (range 60-92
• C) and pH 3.5 (range 2-4) [1] . S. solfataricus has been established as model organism within the (hyper)thermophilic archaea. The complete genome sequence is available [2] , genetic systems have been established [3] , numerous biochemical studies have been performed (for a review, see [4] ), and functional genomics approaches, including transcriptomics, proteomics, comparative genomics, as well as a systems biology approach have been applied [5] [6] [7] .
In course of the SulfoSYS (Sulfolobus Systems Biology) [7] project, the CCM (central carbohydrate metabolism) and the effect of temperature change on a metabolic network at systems level is under investigation by integrating data from the different '-omics' techniques (genomics, transcriptomics, proteomics and metabolomics) as well as enzymatic information to build a silicon cell model [4, 6] . An essential prerequisite of the project is the reconstruction and identification of players in the CCM network of S. solfataricus in order to provide detailed enzymatic/biochemical information for enzymes and to study the behaviour and regulation of the network under temperature change.
Like other (hyper)thermophilic archaea (e.g. Thermoproteus tenax [8] ), S. solfataricus uses an unusual branched ED (Entner-Doudoroff) pathway for sugar degradation that is characterized by an np (non-phosphorylative) and an sp (semi-phosphorylative) branch [8, 9] . In contrast with the classical ED pathway, glucose is not phosphorylated at the beginning of the pathway, but is converted via gluconate into KDG (2-keto-3-desoxygluconate), the characteristic intermediate of the pathway. KDG is either phosphorylated by KDG kinase forming KDPG (2-keto-3-desoxy-6-phosphogluconate) (sp branch) or cleaved directly by the bifunctional KD(P)G [2-keto-3-desoxy-(6-phospho)-gluconate] aldolase and phosphorylation takes place at the level of glycerate (np branch).
Interestingly, the pathway has been shown to be promiscuous for glucose and galactose degradation in S. solfataricus [9] : GDH (glucose dehydrogenase) (EC 1.1.1.47), gluconate dehydratase, KDG kinase and KD(P)G aldolase catalyse the degradation of both substrates [9] [10] [11] [12] .
The first enzyme of the pathway, GDH, catalyses the NAD(P)
+ -dependent oxidation of glucose to gluconate. The enzyme has been purified previously from cell extracts of S. solfataricus and has been shown to possess dual co-substrate (NAD + /NADP + ) and broad substrate specificity [13] . Detailed enzymatic characterization of the recombinant enzyme (SSO3003 [9] ) and the available crystal structure [14] allowed for further insights into the catalytic activity and promiscuity of GDH.
GDH belongs to the MDR (medium-chain alcohol/polyol dehydrogenase/reductase) branch of the pyridine nucleotidedependent alcohol/polyol/sugar dehydrogenase superfamily [15] . In the course of pathway reconstruction (M. Zaparty, T. Kouril, D. Esser, P. Haferkamp, J. Reimann, S.V. Albers and B. Siebers, unpublished work), several members of this superfamily were identified, raising questions about possible GDH isoenzymes in S. solfataricus. In previous studies, three alcohol dehydrogenases have been characterized (SSO2536, SSO1646 and SSO0764) [16] . However, since it is difficult to predict function by sequence alone, the additional GDH candidate (SSO3204) was analysed. The protein shows high similarity (61 % amino acid sequence identity) to the previously characterized GDH of S. solfataricus (SSO3003) [9, 14] .
We have therefore cloned the gene encoding the putative GDH (SSO3204), expressed the protein heterologously in Escherichia coli, purified it using ion-exchange chromatography and gel filtration, and analysed (co-)substrate specificity and its physiological role in the CCM of S. solfataricus.
Enzymatic characterization of GDH-2 and comparison with GDH-1
The putative GDH gene (SSO3204) was cloned and the recombinant protein was expressed and purified. From 6.2 g of cells (wet weight) 1.52 mg of enzyme with a specific GDH activity of 97 units/mg protein was recovered [17] .
Like the previously characterized GDH-1 (SSO3003), GDH-2 (SSO3204) catalyses the irreversible oxidation of D-glucose forming gluconate with dual co-substrate (NAD + /NADP + ) specificity. Remarkably, in contrast with GDH-1, which catalyses the oxidation of more than ten different C 5 Interestingly, the oxidation rate of the different sugars by GDH-1 depends significantly upon the co-substrate available [9, 13] Table 1 ). Strikingly, for both co-substrates, a significant inhibition has been observed at higher (>12 mM) concentrations, which is currently under investigation. For both enzymes, higher activity (GDH-1: 1.6-fold; GDH-2: 3.5-fold) was observed in the presence of NAD + at 70
• C. However, in the presence of NADP + , 
Structural and model comparison
Beside kinetic parameters, the major difference between both isoenzymes is their substrate specificity. As mentioned above, both enzymes share 61 % amino acid sequence identity and an amino acid sequence alignment reveals the presence of the conserved structural zinc-binding sites (four conserved cysteine residues, Cys 93 , Cys 96 , Cys 99 and Cys 107 in GDH-1) 
as well as the nucleotide-binding site (GXGXXG fingerprint motif; GDH-1 residues 188-193, GTGPIG) [13] . In GDH-2, Thr 189 is exchanged for serine, which has similar chemical properties [9] . In addition, GDH-2 harbours both of the residues (Asp 211 and Arg 213 in GDH-1) that are discussed with respect to dual co-substrate specificity in GDH-1 by stabilizing the binding of the 2-phosphate of NADP + [14] . Finally, the catalytic zinc-binding residues (Cys  39 and His   66 in GDH-1) are also found in both GDH isoenzymes.
To address the molecular basis of why GDH-1 catalyses the oxidation of a range of different C 5 and C 6 sugars and GDH-2 only accepts glucose as substrate, a bioinformatic modelling approach was chosen. The three-dimensional structure of SSO3204 was modelled using the following procedure. First, the amino acid sequence was submitted to mGenTHREADER [18] to find possible structural templates. The highest scoring templates identified were the crystal structures of the GDH SSO3003 [14] (PDB codes 2CDB and 2CDC). Amino acid sequences of SSO3204 and SSO3003 were aligned [19] , and the structure of SSO3204 was modelled based on this alignment and the structures of SSO3003 as template [20] . The model was visualized with PyMOL (DeLano Scientific; http://www.pymol.org). To test the robustness of the model, the same procedure was performed using the structure of GDH of the extreme halophile Haloferax mediterranei [21] as template, which had the second best score in the mGenTHREADER search. Apart from small atomic displacements, this model was identical with the first one. The comparison of the vicinity of the sugar substrate in the crystal structure of GDH-1 and in the molecular model of GDH-2 shows a number of differences between both enzymes, including residues at positions that have been identified by Milburn et al. [14] as critical for the interaction with the sugar (Figure 2) . Below, we discuss these differences and their likely effects on binding of glucose and xylose substrates.
The first important change is from Asn 89 in GDH-1 to Val 93 in GDH-2. This will probably result in a loss of a hydrogen bond between the sugar ring (C3-hydroxy group) and the enzyme and will thus weaken the affinity to β-glucose (pyranose) and to α/β-xylose (pyranose). Secondly, changes from Gln 150 to Glu 154 , and from Asp 154 to Asn 158 were observed. These changes could be rather neutral with respect to substrate binding as, in both cases, the residues are exchanged for similar ones and the total charge is not affected. A more drastic change is that from the neutral or basic His 297 in GDH-1 to the more acidic Glu 294 in GDH-2, both contributed by a neighbouring polypeptide chain of the respective tetrameric enzymes. Whereas the histidine nitrogen ε2 is involved in a hydrogen bond to the C6-hydroxy (PDB code 2CDB) and the amino acids at corresponding positions in the model of GDH-2. Asterisks mark key interactions with glucose according to Milburn et al. [14] . The residues in the last row are provided by a neighbouring polypeptide chain of the tetramer.
group of the glucose, it is plausible that the longer and more acidic glutamate group could lead to a stronger hydrogen bond to the same hydroxy group. This could compensate for the weaker interaction with the pyranose ring of glucose due to the transition of Asn 89 to Val 93 discussed above, so that GDH-2 still binds glucose. Xylose, in contrast with glucose, has no C6-hydroxy group, and thus cannot compensate for the loss of the hydrogen bond to Asn 89 . The affinity of xylose to the enzyme should therefore be much reduced from GDH-1 to GDH-2. This is consistent with the observation that both enzymes use glucose as substrate, whereas only GDH-1 accepts xylose.
Physiological implications
Both isoenzymes, GDH-1 and GDH-2, catalyse the NAD + /NADP + -dependent oxidation of D-glucose. According to their enzymatic properties, GDH-2 seems to play the major role in D-glucose catabolism via the branched ED pathway, although GDH-1 might acquire important function at higher D-glucose concentrations and in the presence of NAD + . However, whereas GDH-2 is restricted to D-glucose degradation, GDH-1 seems to have additional functions in the catabolism of D-galactose, D-xylose and L-arabinose [9, 14, 22, 23] .
D-Galactose is degraded in S. solfataricus via the promiscuous ED pathway, whereas the metabolism of Dxylose is still unclear. In Haloferax volcanii, D-xylose is degraded to 2-oxoglutarate using the Weimberg pathway (via xylose dehydrogenase, xylonolactonase, xylonate dehydratase, 2-oxo-3-deoxyxylonate dehydratase and 2-oxoglutarate-semialdehyde dehydrogenase) and therefore enters directly the citric acid cycle [24] . A homologue of xylose dehydrogenase is present in the genome of S. solfataricus (SSO3015); however, the respective activity is not confirmed. In addition, a similar pathway has been reported for D-arabinose degradation in this organism, and the arabinose-1-dehydrogenase has been characterized recently (SSO1300) [22] . The enzyme exhibits high affinity for D-arabinose 
, although also other sugars, i.e. L-fucose (6-desoxy-Lgalactose), D-ribose and L-galactose are oxidized. Among others, arabinose-1-dehydrogenase was significantly upregulated at gene (3.6-fold) and at protein (>20-fold) level in the presence of D-arabinose compared with D-glucose [22] .
A new pathway for D-xylose and L-arabinose degradation has been reported recently [23] . The pathway has been reported to proceed via the multifunctional GDH-1, a substrate-specific dehydratase [D-xylonate dehydratase (SSO2665)] and aldol cleavage of 2-oxo-3-deoxypentonate to pyruvate and glycolaldehyde via KD(P)G aldolase, which, like GDH-1, exhibits broad substrate specificity [23] . Glycolaldehyde is converted into glyconate, glyoxylate and finally malate, which enters the citric acid cycle. Further on, in vivo NMR studies in Sulfolobus acidocaldarius revealed that D-xylose is degraded in parallel via the Weimberg pathway, which omits aldol cleavage (see above and [24] ). For L-arabinose degradation, the pathway (i.e. the specific L-arabinonate dehydratase) still has to be confirmed.
However, owing to the presence of several uncharacterized members of the pyridine-nucleotide-dependent alcohol/polyol/sugar dehydrogenase family in S. solfataricus, the role of GDH-1 in L-arabinose as well as D-xylose catabolism remains to be elucidated. It is tempting to speculate that the multifunctional GDH-1 might function as a 'jack of all trades', which is involved in different sugar degradation pathways in S. solfataricus, maybe as 'stand-by enzyme' in addition to pathway-specific sugar dehydrogenases, and allows for a quick adaptation to different carbon sources and thus fine-tuning of metabolism. This hypothesis is supported by the newly discovered Dglucose-specific GDH-2. 
